The development of transition metal-based molecules and materials that can be switched between low-spin and high-spin electronic states has constituted a highly active area of research over the past several decades. 19 F reporter group, and (3) affords a ligand field that changes dramatically with pH. Toward this end, we selected 4-hydroxy-3,5-dimethyl-2-pyridyl groups as the pH sensing moieties, because the ability of 4-hydroxylpyridines to engender significant changes in the electronic structure of transition metal compounds upon protonation or deprotonation has been demonstrated in V-, 19 Fe-, 20 Co-, 20 21 Ru-, 22 Pt-, 23 Re-, 24 and Ir-based 25 compounds. We thus hypothesized that incorporating hydroxylpyridine groups into a spin-crossover complex could create a compound with a pH-sensitive spin state population (see Fig. 1 ). Along these lines, we targeted the macrocyclic TACN-based ligand H 2 L (see Fig. 1 , left).
The ligand H 2 L was prepared following a four-step synthesis outlined in Scheme S1 (ESI †). Incorporation of two 4-methoxy-3,5-dimethyl-2-picolyl donors onto a tosylated TACN macrocycle via nucleophilic substitution reaction, followed by deprotection with H 2 SO 4 and reductive amination with 3-fluoro-6-methyl-2-pyridinecarboxaldehyde, afforded H 2 L as a yellow solid. Under anaerobic conditions, reaction of H 2 L with one equivalent of [Fe(H 2 O) 6 ](BF 4 ) 2 in MeCN, followed by aqueous workup, gave [(H 2 L)Fe](BF 4 ) 2 (1) as a yellow-green solid in 52% yield. Subsequent slow cooling of an aqueous solution afforded yellowgreen block-shaped single crystals of 1.
Single-crystal X-ray diffraction analysis for 1 was carried out at 100 K (see Fig. 2 Fig. S1, ESI †) ). We assign these features to p-p* and metal-ligand charge transfer (MLCT) transitions, respectively, as observed in similar compounds. 26, 27 As the pH is decreased to 5.39, the intensity of the p-p* absorption decreases (e max = 12 000 M À1 cm
À1
), while the intensities of the MLCT bands increase significantly with concomitant shifts to 383 (e max = 2800 M À1 cm
) and 451 nm (e max = 1600 M À1 cm
). This increase in MLCT band intensity with decreasing pH suggests that the low-spin state becomes more populated when the ligand is fully protonated. , and therefore suggests highly similar values of pK a for the two hydroxyl protons. Such nearly simultaneous double deprotonation in aqueous solution has been reported for similar complexes, 24,25a and is further supported by a single sigmoidal inflection point of e vs. pH plots at 271 and 380 nm, providing pK a values of 5.95(7) and 5.90(2), respectively (see Fig. S2 , S3 and Table S2 , ESI †).
To probe the magnetic properties of 1 and further examine the solution electronic structure as a function of pH, variabletemperature dc magnetic susceptibility data were collected using the Evans method 29 in the temperature range 5-60 1C (see Fig. 3 , upper). Samples were prepared in 100 mM phosphate buffer solutions with 2% (v/v) DMSO added as a reference. At pH 4.74, the value of w M T increases with increasing temperature, from 1.78(1) cm 3 K mol À1 at 5 1C to 2.40(1) cm 3 K mol À1 at 60 1C. This temperature dependence indicates the presence of thermallyinduced spin-crossover, with significant population of both an S = 0 ground state and S = 2 excited state in this temperature range. Assuming a value of g = 2 for the S = 2 state, insertion into the Curie law gives percentages of high-spin molecules (%HS) of 59% at 5 1C and 80% at 60 1C. 30 In contrast, the variabletemperature magnetic susceptibility data for an analogous solution of 1 at pH 7.82 show much smaller temperature dependence. Here, w M T increases only slightly with increasing temperature, from 2.62(1) cm 3 K mol À1 at 5 1C to 2.70(1) cm 3 K mol À1 at 60 1C, corresponding to %HS = 87% at 5 1C and 90% at 60 1C. We attribute this shift toward greater population of the S = 2 state with increasing pH to a decreased ligand field strength of L 2À vs.
H 2 L, owing to the weaker p acidity of the former, which is consistent with pyridyl substituent effects observed for related spin-crossover iron(II) complexes. 26, 31 To further probe the pH dependence of the spin state of 1, dc magnetic susceptibility data were collected on an aqueous solution as a function of pH at 25 and 37 1C (see Fig. 3, lower) . At 25 1C, w M T rapidly increases with increasing pH, from a value of w M T = 2.07(1) cm 3 K mol À1 at pH 4.74 to w M T = 2.64(1) cm 3 K mol À1 at pH 7.82, corresponding to %HS = 69% at pH 4.74 and 88% at pH 7.82. The plot of w M T vs. pH at 37 1C exhibits similar behavior, albeit with less pronounced pH dependence, where w M T increases Fig. 1 Scheme depicting the mechanism for pH sensing with 1. With increasing pH, the pendent hydroxylpyridine groups are deprotonated, and the resulting weaker ligand field leads to a higher population of the S = 2 high-spin state. Fig. 2 Crystal structure of the complex cation of 1. Orange, green, red, blue, gray, and white spheres represent Fe, F, O, N, C, and H atoms respectively; non-hydroxyl H atoms are omitted for clarity.
from 2.20(1) cm 3 K mol À1 at pH 4.74 (%HS = 73%) to 2.65(1) cm 3 K mol À1 at pH 7.82 (%HS = 88%). These results are in accord with the variable-pH behavior observed in the UV-Visible analysis described above, and confirm the pH dependence of the spin state population in 1. Finally, we aimed to determine the effect of the pH-dependent spin state population on the 19 F NMR chemical shift of 1. Variable-pH 19 F NMR spectra were collected on 2 mM solutions of 1 in 100 mM phosphate buffers with 2% (v/v) DMSO at 25 and 37 1C (see Fig. S4 and S5, ESI †). In the pH range 4.61-7.74, these spectra display a single 19 F resonance from the metalated ligand. At pH 4.61, when the hydroxylpyridine groups are predominantly protonated, the 19 F resonance appears at 11.89 ppm vs. trifluoroacetic acid (TFA) at 25 1C. As the pH is increased, this resonance shifts downfield, following sigmoidal behavior, to a maximum value of 47.03 ppm at pH 7.74. The data at 37 1C exhibit a similar pH profile, albeit with a slightly smaller pH dependence, where the 19 F chemical shift increases from 13.10 to 43.57 ppm between pH 4.61 and 7.74 (see Fig. 4 ). These data were fit to a Boltzmann sigmoidal function according to eqn (1): Table S3 , ESI †) gives eqn (2) and (3) for the data at 25 and 37 1C, respectively, which relate chemical shift to pH: 
In addition, by applying a linear fit to the data between pH 5.25 and 6.95, the change in 19 F chemical shift affords a pH sensitivity of 16.1(4) and 13.9(5) ppm per pH unit at 25 and 37 1C, respectively (see Fig. S6 F MRS pH probe that employs a pH-induced spin state change. While the oxygen sensitivity of this compound precludes it from in vivo experiments, the principles outlined here could inform the design of chemical shift-based MR pH sensors. Future efforts will focus on developing similar compounds with higher stability under biological conditions. This research was funded by the Air Force Research Laboratory under agreement no. FA8650-15-5518 and Northwestern Chemical shift values are referenced to TFA, which was set to 0 ppm. Circles denote experimental data and black lines correspond to sigmoidal fits to the data (eqn (1)).
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